Introduction
Neural stem/progenitor cells (NSCs) in the early embryonic ventricular zone (VZ) do not express GFAP, the classical astrocytic marker, but, by late embryonic development, NSCs do begin to express it (Imura et al., 2003) . In the adult brain, GFAP + neurogenic progenitors exist in the subventricular zone (SVZ) of the lateral ventricle (Altman, 1969; Doetsch et al., 1999) and the subgranular zone (SGZ) (Altman and Das, 1965; Seri et al., 2001 ) of the hippocampal dentate gyrus. Thus, some GFAP + cells in the postnatal brain have stem cell potential (Imura et al., 2003; Laywell et al., 2000; Morshead et al., 2003) , and a morphologically distinct subpopulation of GFAP + cells is the predominant source of constitutive adult neurogenesis . However, most GFAPexpressing cells in the generative zones, as well as GFAPexpressing astrocytes outside of these zones, do not act as progenitors in the normal adult brain (Laywell et al., 2000) . It is currently unclear how these mature astrocytes are derived, and the lineage relationships between GFAP + progenitors and mature astrocytes are not well defined.
NSCs express GFAP in response to several signaling molecules, including the leukemia inhibitory factor (LIF)/ciliary neurotrophic factor (CNTF) and BMP families (Gross et al., 1996; Johe et al., 1996) . Canonically, LIF/CNTF activates the JAK/STAT pathways, whereas BMPs signal primarily through SMAD pathways. Nevertheless, their signaling pathways have points of convergence in the regulation of GFAP, leading to suggestions that these cytokine families activate astrogliogenesis through the same mechanisms (Nakashima et al., 1999a; Sun et al., 2001 ). However, whereas BMP signaling promotes the generation of astrocytes from SVZ forebrain stem cells both in vitro and in vivo (Gomes et al., 2003; Gross et al., 1996) , LIF signaling inhibits the restriction of early embryonic forebrain stem cells to a glial lineage and helps to maintain a stem cell phenotype (Shimazaki et al., 2001) . Furthermore, BMP2 treatment of progenitor cells cultured from LIFR -/-animals induces astrogliogenesis (Koblar et al., 1998) , indicating that signaling from this receptor is not necessary for the generation of astrocytes. It is currently unclear whether LIF and BMP signaling generate GFAP-expressing cells with similar characteristics and developmental potential. We therefore used a combined in vitro and in vivo approach to compare the properties of GFAP-expressing cells that are generated in response to LIF versus BMP signaling. Our findings suggest that LIF signaling induces GFAP + progenitor cells, whereas BMP signaling promotes a mature astrocyte phenotype that lacks stem/progenitor cell potential.
Materials and methods

Animals
The generation of NSE-BMP4 and NSE-Noggin transgenic mice is described elsewhere (Gomes et al., 2003; Guha et al., 2004) . Timedpregnant CD1 mice were obtained from Charles River (Wilmington, MA).
Bone morphogenetic protein (BMP) and leukemia inhibitory factor (LIF) signaling both promote the differentiation of neural stem/progenitor cells into glial fibrillary acidic protein (GFAP) immunoreactive cells. This study compares the cellular and molecular characteristics, and the potentiality, of GFAP + cells generated by these different signaling pathways. Treatment of cultured embryonic subventricular zone (SVZ) progenitor cells with LIF generates GFAP + cells that have a bipolar/tripolar morphology, remain in cell cycle, contain progenitor cell markers and demonstrate self-renewal with enhanced neurogenesis -characteristics that are typical of adult SVZ and subgranular zone (SGZ) stem cells/astrocytes. By contrast, BMP-induced GFAP + cells are stellate, exit the cell cycle, and lack progenitor traits and self-renewalcharacteristics that are typical of astrocytes in the nonneurogenic adult cortex. In vivo, transgenic overexpression of BMP4 increases the number of GFAP + astrocytes but depletes the GFAP + progenitor cell pool, whereas transgenic inhibition of BMP signaling increases the size of the GFAP + progenitor cell pool but reduces the overall numbers of astrocytes. We conclude that LIF and BMP signaling generate different astrocytic cell types, and propose that these cells are, respectively, adult progenitor cells and mature astrocytes.
Retrovirus production and neurosphere infection
The EGFP-N1 cassette (Clontech) was cloned into the BglII and BstBI sites on the pLXRN retrovirus shuttle vector (Clontech) and replaced the G418r cassette. The rat 1.9 kb GFAP promoter (Sun et al, 2001) was partially digested and inserted into the HpaI and BglII shuttle sites, which excised the P RSV . Virus was packaged by co-transfecting the shuttle (rGFAPp-EGFP or control P RSV -EGFP) with VSVG into GP2-293 cells (Clontech), using Lipofectamine 2000 (Invitrogen). Supernatant collected on days 2, 3 and 6 was concentrated 1000ϫ and stored at -80°C until use. Secondary neurospheres were passaged, infected with 15 l virus in 10 ml medium the day following dissociation, cultured and passaged once more before plating for differentiation.
Fluorescent-activated cell sorting (FACS) and neurosphere-forming assay
Plated cells were harvested, resuspended at a density of 1ϫ10 6 cells/ml in SFM, and sorted on the basis of forward-side scatter and GFP expression at 1000 events/second. Sorted cells were plated at a density of 1000 cells/well into non-adherent 96-well plates containing SFM plus 20 ng/ml EGF, or 2 ng/ml EGF plus 20 ng/ml LIF where denoted. Cell survival was >85% by Trypan Blue exclusion analysis. The numbers of free-floating spheres were counted at day 7 in a minimum of three independent experiments.
RT-QPCR (reverse transcriptase-quantitative polymerase chain reaction)
Plated cells were treated with cytokines for 20 hours before harvesting RNA using RNeasy, according to the manufacturer's protocol (Qiagen). Reverse transcriptase (RT) was performed using Thermoscript (Invitrogen), and QPCR using Platinum SYBR Green (Stratagene). Specificity of the PCR reaction was confirmed by running PCR products on a 2% agarose gel. Two replicates were run for each cDNA sample with the test and control primers. An amplification plot showing cycle number versus the change in fluorescent intensity was generated by the Sequence Detector program (Applied Biosystems).
Results
LIF and BMP both promote GFAP expression by cultured NSCs, but induce different morphologies
Embryonic NSCs proliferate in vitro in the presence of FGF2 and/or EGF to form floating cell clusters termed neurospheres (Reynolds and Weiss, 1996) . We prepared E18.5 EGFresponsive neurosphere cultures to investigate the mechanisms generating different populations of GFAP + cells. BMP4 is expressed endogenously (Fig. 1A) by neurosphere cells; BMP7 and BMP2 are also produced but at lower levels (Gross et al., 1996; Nakashima et al., 1999b) . Endogenous BMPs regulate GFAP expression by these cells, and treatment with the BMP inhibitor noggin decreases GFAP transcripts fourfold (Fig.  1B,C) . Thus, study of the effects of LIF signaling independent of BMP signaling requires the inhibition of endogenous BMPs. In fact, treatment with noggin decreases GFAP transcript levels twofold in the presence of LIF relative to LIF alone (Fig. 1B) . Treatment with LIF increases levels of GFAP transcripts 16-fold, whereas treatment with BMP4 increases them more than 32-fold (Fig. 1B) . Changes in the number of cells that express GFAP parallel the changes in levels of GFAP transcripts (Fig.  1G) . Treatment with noggin significantly reduces the number of GFAP + cells (P<0.05). Conversely, LIF treatment increases the number of GFAP + cells (P<0.05), and BMP4 treatment results in an even larger increase, such that more than 90% of BMP4-treated cells express GFAP (P<0.001).
Although treatment with LIF or BMP4 each increases the number of cells expressing GFAP, the morphologies of those cells differ drastically (Fig. 1D-F ,H-J). Treatment with LIF alone promotes a mixture of elongated bipolar/tripolar and stellate morphologies (Fig. 1E) . However, when noggin is included to inhibit endogenous BMP signaling, LIF treatment promotes the bipolar/tripolar morphology at the expense of a stellate one (Fig. 1F,I ). By contrast, treatment with BMP4 leads to cells with a stellate morphology characteristic of some Generation of adult stem cells and astrocytes mature astrocytes (Fig. 1D,H) . GFAP + cells generated after BMP4 treatment had an average of six major processes per cell, whereas GFAP + cells generated in the presence of LIF and noggin have an average of slightly more than two major processes per cell (Fig. 1J ).
BMP4 but not LIF prompts exit of GFAP + cells from cell cycle
To determine whether GFAP + cells generated by BMP4 and LIF signaling differ with respect to their ability to enter the Sphase of the cell cycle, the cells were labeled with a long (16 hour) pulse of BrdU on day 6 of the 7-day differentiation protocol. In control cultures, a small number of GFAP + cells were labeled with BrdU (18.9±2.6%, Fig. 2A,F) . Treatment with BMP4 decreased BrdU incorporation to an almost quiescent state [2.6±0.4%, P<0.01; Fig. 2E ,F (Gross et al., 1996) ]. Conversely, noggin inhibition of endogenous BMPs increased BrdU incorporation by 130% (44.0±4.0%, P<0.01; Fig. 2B,F) . LIF alone did not significantly alter proliferation (29.1±1.8%; Fig. 2C,F) . However, LIF treatment in the presence of noggin increased BrdU incorporation by 63% compared with noggin alone, and approximately 70% of the GFAP + cells incorporated BrdU under these conditions (70.2±4.9%, P<0.01; Fig. 2D,F) . BMP4-treated cells did not incorporate BrdU even after a prolonged 2-day pulse on days 9-10 of differentiation, indicating that the cells had not simply paused in G0 (M.A.B., unpublished). BMP4 treatment did not alter cell survival either (see Table S1 in the supplementary material for clonal analysis).
LIF increases, whereas BMP4 decreases, neural precursor markers in GFAP + cells
The foregoing observations suggested that the GFAP + cells generated by LIF signaling might represent stem/progenitor cells, whereas the quiescent GFAP + cells generated by BMP signaling might represent more differentiated astrocytes. We therefore compared these populations of cells with respect to the expression of neural stem/progenitor cell markers. We first examined the SRY transcription factor SOX1, which is expressed by both early and adult progenitors cells, but not by astrocytes (Bylund et al., 2003) . SOX1 was expressed by just 7.0±1.1% of the control GFAP + cells (Fig. 3A,F Kim and Morshead, 2003) . In control cultures, 11.7±1.5% of GFAP + cells expressed LeX (Fig. 3G,L) . Inhibition of endogenous BMP by noggin did not alter LeX expression by GFAP + cells (Fig. 3H,L (Sun et al., 2001; Takizawa et al., 2001) , FACS, and neurospheregenerating assays to select, purify and assess stem cell activity in the GFAP + cell populations. Neural stem cell activity is defined as the ability to form self-renewing neurospheres and to generate multiple neural lineages: neurons, astrocytes and oligodendrocytes. A retroviral vector was used to introduce the rGFAPp driving eGFP into expanding neurospheres. After passage, the neural stem cells were plated for differentiation, with or without cytokines, for 5 days. To determine whether eGFP expression faithfully mirrored GFAP expression, the cells were examined by immunocytochemistry for GFAP, the neuronal marker ␤III-tubulin (TuJ1), and the oligodendrocyte marker O4, to identify which cell types displayed GFP fluorescence. EGFP fluorescence was exhibited by 29.4±3.3% of the GFAP + cells, indicating infection efficiency. Importantly, 99.7±0.3% of the GFP cells were also GFAP + positive, demonstrating that the virus faithfully selects GFAP + cells. Also, eGFP did not localize to any neurons or oligodendrocytes (see Fig. S1 in the supplementary material). Furthermore, the cells expressing eGFP displayed morphologies similar to those observed after GFAP staining of control and cytokine-treated cultures (see Fig. S1 in the supplementary material and Fig. 1 ). After 5 days of cytokine treatment, GFAP + cells were sorted on the basis of forward-side (FS) scatter and eGFP levels. Dead cells were omitted by FS scatter and eGFP + cells were clearly discernable (Fig. 4A , see After 7 days in the neurosphere-forming assay, 2.0±0.1% of the GFAP + cells that were not treated with cytokines formed neurospheres (Fig. 4B,G) . BMP4 treatment drastically reduced the ability of the cells to form neurospheres (0.0±0.1%, P<0.01; Fig. 4F,G) , while inhibition of BMP (noggin) increased the number of GFAP + -generated neurospheres by approximately 66% (3.4±0.1%, P<0.05; Fig.  4C,G) . LIF treatment not only increased the number of GFAP + -generated neurospheres by approximately 58% (3.3±0.1%, P<0.05; Fig. 4D,G) , but also increased neurosphere size. LIF treatment plus noggin increased neurosphere numbers by approximately 47% compared with controls and further increased neurosphere size, but did not enhance neurosphere numbers relative to LIF alone (3.0±0.1%, P<0.05; Fig. 4E,G ). These data demonstrate that LIF-generated cells have an enhanced ability to form neurospheres, whereas BMP-generated GFAP + cells rarely form neurospheres under these conditions. To determine whether the neurosphere cells actually had stem cell potential, single neurospheres were plated for differentiation in the absence of cytokines. Neurons, astrocytes and oligodendrocytes emerged from spheres generated under all conditions (Fig. 4H ) except for treatment with BMP4 (where neurospheres rarely formed), demonstrating that the neurosphere cells are multipotent. Hence, LIF promotes, whereas BMP4 inhibits, a GFAP + multipotential stem cell fate.
LIF increases neuron production from GFAPexpressing cells
To determine whether exposure to LIF alters the potential of GFAP + cells, control or cytokine-treated GFAP + -derived neurospheres (derived from the FACS-sorted cells) were dissociated and plated for 4-5 days of differentiation. The resultant cells were processed for ␤III-tubulin to determine neuron numbers. Control spheres produced a small number of neurons (3.8±2.5%; Fig. 4I,M) . BMP inhibition (noggin) did not significantly change the number of neurons generated, although there was a trend towards an increase (6.8±1.5%; Fig.  4J,M) . However, LIF increased neuron numbers by 90% (11.0±1.1%, P<0.005; Fig. 4K,M) . Moreover, LIF plus noggin further increased neurogenesis by 55% relative to LIF alone (17.1±2.8%, P<0.005; Fig. 4L,M ). These observations demonstrate that LIF-induced GFAP + cells have an increased ability to produce neurons that is further enhanced by suppressing BMP signaling.
LIF maintains GFAP-expressing multipotent progenitors for prolonged periods of time
We then investigated whether LIF could maintain the GFAP + progenitor cell state for prolonged periods of time. Because high mitogen levels may reprogram more committed cells to exhibit progenitor characteristics that they might otherwise not display (Kondo and Raff, 2000; Anderson, 2001) , neural progenitors were plated with only low (1-2 ng/ml) levels of EGF with LIF, and were passaged repeatedly. Neural cells could be propagated this way as a monolayer for at least 10 passages and for several months (Fig. 5A) . By contrast, in the absence of LIF, the cells became progressively sparser with attempted passaging and could only be passaged a few times. We then examined whether GFAP-expressing cells generated in the presence of LIF could still proliferate (incorporate BrdU) and express the immunocytochemical characteristics of progenitor cells at the higher passages. In the LIFtreated cultures, GFAP-expressing cells at passage 7 (p7) still incorporated BrdU (2-hour pulse) and expressed the progenitor marker LeX (Fig. 5B) . LIF-treated cultures were also able to generate neurons at high passages (>p7), whereas nearby GFAP-expressing cells remained in cell cycle, as assayed by Ki67 expression (Fig. 5C ). To directly assess the self-renewal and multipotentiality of GFAP + cells maintained by LIF, higher passage (>p7) cells were infected with the rGFAPp-EGFP retrovirus, selected by FACS, plated in a neurosphere-forming assay (2 ng/ml EGF plus 20 ng/ml LIF) and subsequent spheres plated for differentiation. GFAPexpressing cells maintained by LIF were able to self-renew at high passages, as evidenced by neurosphere formation, and they retained multipotentiality and, specifically, the ability to produce neurons (Fig. 5E) . Thus, LIF maintains GFAPexpressing cells as multipotential stem/progenitor cells for prolonged periods of time, independent of exposure to high levels of other mitogens.
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BMPs regulate the morphology of GFAP-expressing cells in vivo, and are necessary and sufficient for cell-cycle exit
In vivo, GFAP-expressing astrocytes are derived from radial glia during the postnatal period (Schmechel and Rakic, 1979; Voigt, 1989) . Most of these cells lose progenitor function, but radial glia also give rise to GFAP + adult stem cells in the SVZ and hippocampus (Eckenhoff and Rakic, 1984; Merkle et al., 2004; Rickmann et al., 1987; Voigt, 1989) . To test the hypothesis that BMPs developmentally regulate the maturation of GFAP + cells in vivo, we generated transgenic animals that overexpress either BMP4 or its antagonist noggin under the control of the neuron-specific enolase (NSE) promoter (Gomes et al., 2003; Guha et al., 2004) . Transgene expression begins before gliogenesis at embryonic day 16 (E16), peaks postnatally, and persists into adult life (Gomes et al., 2003) . Therefore, these animals serve as an excellent model to study the development of GFAP-expressing cells. BMP4 overexpressing animals have an increased number of GFAP + cells in the brain, whereas the noggin overexpressing animals conversely have significantly reduced numbers of GFAP + cells (Gomes et al., 2003 ) (see also Fig. S2 in the supplementary   material) . Similarly, BMP4 overexpressing animals have increased numbers of S100␤-expressing cells, whereas numbers of these cells are significantly reduced in the noggin transgenic animals (Gomes et al., 2003) (Fig. S2 in the  supplementary material) . In the adult brain, GFAP + progenitor cells in neurogenic regions including the hippocampal SGZ remain in cell cycle (Seri et al., 2001; Garcia et al., 2004) . As the NSE transgene is expressed at the highest levels in the hippocampus (Gomes et al, 2003) , we examined the effects of BMP signaling on the proliferation of GFAP + cells in the SGZ using Ki67 and GFAP double labeling. Overexpression of BMP4 depleted the SGZ of Ki67 + GFAP + cells, whereas inhibition of BMP signaling by noggin significantly increased the number of these cells (Fig. 6) . Specifically, at P15, 60.6±3.8 GFAP-expressing cells/mm 2 (in 10 m sections) remained in cell cycle in the SGZ of wild-type animals (Fig. 6B,L) . Inhibition of BMP signaling significantly increased the number of Ki67 ( Fig. 6D, and Fig. S3 in the supplementary material) . To determine whether BMP signaling is necessary for promoting the cell-cycle exit of GFAP + cells, we investigated co-labeling with Ki67 in the hippocampal molecular layer (ML), an area that does not normally contain proliferative GFAP + cells in the adult Fig. 6F ,H,L), demonstrating that BMP is necessary for the normal exit of GFAP + cells from the cell cycle in this region.
Because GFAP-expressing progenitors in the adult neurogenic SVZ and SGZ contain fewer processes than do multipolar astrocytes in nonneurogenic regions , we compared the morphology of GFAP + cells in the hippocampal SGZ and ML regions in control and transgenic animals ( Fig. 6I-M) . GFAP + cells in the ML of wild-type animals exhibited highly branched stellate morphologies (4.1±0.1 branches/cell, Fig.  6J,M) , and overexpression of BMP4 resulted in further ramification of astrocytic processes (5.5±0.1 branches/cell, P<0.05; Fig. 6K,M) . Conversely, noggin overexpression in the ML prevented the formation of the stellate morphology, and GFAP + cells in the ML of these animals maintained the elongated morphology typical of GFAP + cells in the SGZ (2.4±0.1 branches/cell, P<0.01; Fig. 6D ,H-I,M). Therefore, BMPs regulate the mature morphology of GFAP + cells in the non-neurogenic hippocampus ML. Notably, the morphology and proliferative state of GFAP + cells in the SGZ of wild-type and noggin animals, and in the ML in noggin animals, are similar to that of the LIFgenerated GFAP + cells in vitro (Fig. 6A ,B,D,E,J,L; Fig. 1F; Fig. 2C,F) .
BMPs regulate the maturation of GFAPexpressing cells in vivo
The foregoing observations suggested that BMPs regulate the maturation of GFAP-expressing cells in vivo by promoting cell-cycle exit and increasing process ramification. Consequently, we further investigated whether BMP signaling regulates the maturation of GFAP + progenitor cells into astrocytes in vivo by examining the expression of progenitor cell markers in the hippocampal SGZ and ML. Because LeX staining was difficult to quantitate in vivo, we instead used the progenitor marker vimentin, in addition to SOX1 Seri et al., 2004 (Fig. 7B,I -J). In noggin overexpressing animals, the number of GFAP + progenitors was significantly increased, as assayed both by SOX1 (83. Fig. 7J, Fig. S4 ). Thus, BMP signaling promotes the loss of progenitor markers, as well as a quiescent state in GFAP + cells in neurogenic areas. To determine whether BMPs are necessary for the maturation of GFAP + cells in nonneurogenic regions, we analyzed SOX1 and vimentin expression in the ML of the noggin-overexpressing animals. S4 ). Thus, BMP signaling in vivo causes GFAP + cells to exit the cell cycle and lose progenitor markers in normally neurogenic regions, similar to the observations in vitro. Conversely, inhibiting BMP signaling in non-neurogenic regions in vivo prevents GFAP + cells from maturing, as assessed by exit from the cell cycle and the loss of progenitor markers that typically occur in this region (Hutchins and Casagrande, 1989; Bylund et al., 2003) .
Discussion
We show here that LIF and BMP signaling result in the commitment of NSCs to distinct GFAP + cell populations that differ with respect to morphology, proliferation, gene expression and developmental potential (Table 1) . LIF signaling generates proliferative, bipolar/tripolar GFAP + cells with stem/progenitor cell properties, whereas BMP signaling generates stellate, GFAP + astrocytes that lack stem/progenitor cell potential. Using transgenic animals that overexpress either BMP4 or noggin, we confirm that BMP signaling in vivo is both necessary and sufficient to induce mature GFAP + astrocytes, whereas the inhibition of BMP signaling promotes a proliferative, GFAP + progenitor phenotype characteristic of astrocytes in the adult SGZ.
LIF signaling generates GFAP-expressing progenitors
Numerous previous studies have demonstrated that LIF/CNTF signaling induces GFAP expression by cultured embryonic NSCs (Bonni et al., 1997; Johe et al., 1996; Morrow et al., 2001; Rajan and McKay, 1998; Song and Ghosh, 2004; Sun et al., 2001) . The GFAP + cells induced in these studies had a partially ramified morphology, and no effect on proliferation was noted (Bonni et al., 1997) . Our findings regarding the effects of LIF differ from these numerous previous studies, because we performed our experiments in the absence of BMP signaling. Cultured neural stem/progenitor cells produce BMPs endogenously (Fig. 1 ) (see also Gross et al., 1996; Nakashima et al., 1999b) , and this alters the phenotype adopted by the cells. By including the BMP inhibitor noggin along with LIF, we were able to more precisely define the role of LIF signaling. We found that LIF signaling not only induces the expression GFAP, but also promotes re-entry into the cell cycle and maintenance of the progenitor cell traits (Figs 1-5) .
Substantial evidence has been generated previously indicating that LIF signaling exerts effects on re-entry into cell cycle and on the maintenance of stem/progenitor cell traits. Null mutation of the LIF receptor (LIFR) decreases the number of progenitors derived from E14 brain in vitro, and a reduction in the levels of gp130 decreases progenitor cell re-entry into cell cycle in vivo (Hatta et al., 2002; Shimazaki et al., 2001) . Conversely, LIF injection in vivo or treatment of E14 progenitors in vitro increases re-entry into cell cycle (Hatta et al., 2002; Pitman et al., 2004) . In the adult, LIFR +/-mice show a loss of EGF-responsive progenitors derived from the SVZ, whereas CNTF injection increases the number of multipotential adult progenitors in vivo and in vitro at the expense of glial-restricted cells (Shimazaki et al., 2001 ). These observations are fully concordant with our finding that LIF signaling promotes a stem/progenitor cell state. In most neurosphere cultures, only about 2% of the cells are typically 'stem' cells that have the capacity to self-renew; the remainders are multipotent progenitor cells. This same principle probably applies to the GFAP + cells in the LIF plus noggin conditions. These cells are definitely not terminally differentiated astrocytes, as they proliferate, express progenitor cell markers, and display multipotentiality. In fact, when LIF-generated GFAP + cells were subsequently treated with BMP4, they adopted the morphology and characteristics of BMP4-generated astrocytes (M.A.B., unpublished). These findings are consistent with a hypothesis that LIF signaling generates a GFAP + progenitor cell that differentiates into an astrocyte under the influence of BMP signaling (Fig. 8) .
Mechanisms for astrocyte generation
Astrocyte generation has been postulated to occur through the convergence of LIF/CNTF and BMP signaling. The transcriptional co-activator p300 bridges the LIF and BMP 
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signaling targets STAT3 and SMAD1, and mediates their cooperative effects on GFAP expression (Nakashima et al., 1999a) . Our studies do not address the question of whether BMP signaling can promote astrogliogenesis without some prior activation of STAT signaling. BMP2 treatment of progenitor cells cultured from LIFR -/-animals induces astrogliogenesis (Koblar et al., 1998) , indicating that the LIFR is not required, but it is possible that STAT signaling is activated by cytokines that do not utilize the LIFR such as EGF (Shuai et al., 1993; Zhong et al., 1994) . In this regard, it is noteworthy that BMP signaling does not promote astroglial differentiation of early embryonic neural stem cells, but rather promotes neuronal differentiation . This may reflect both the presence of high levels of neurogenin1/2 (NGN1/2) that sequester the CBP-SMAD1 transcription complex away from astrocyte differentiation genes (Sun et al., 2001) , and the absence of signaling from the EGFR (Eagleson et al., 1996; Gross et al., 1996; Zhu et al., 1999) . EGFR is associated with a switch in bias of the cells from neurogenesis to gliogenesis (Burrows et al., 1997) , and EGFR regulates the ability of stem cells to interpret LIF, but not BMP, as a GFAP + -inducing agent (Viti et al., 2003) . EGFR expression is upregulated in neural stem cells between E13 and E16 in mice (Burrows et al., 1997) , and GFAP expression in response to LIF and BMP can first be observed at approximately E14.5 (Eagleson et al., 1996; Gross et al., 1996) . FGF2 signaling also primes neural stem cells for gliogenesis, at least in part, by the removal of histone methylation at the STATbinding site on the rat GFAP promoter (Song and Ghosh, 2004) . This may reflect an FGF2-mediated increase of EGFR expression (Lillien and Raphael, 2000) . Concurrent with increased EGFR expression levels, there is a decrease in the expression of genes that inhibit gliogenesis (Ngn1/2) (Sun et al., 2001) , and an increase in the expression of other putative proglial genes, such as hairy-enhancer of split 1/5 (Hes1/5) and Hesrelated genes 1 and 2 (Takizawa et al., 2003) . Thus, the ability of neural stem cells to interpret BMPs as pro-astrocytic differentiation factors depends upon the status of other signaling pathways and the intrinsic regulation in the cell, but may not depend upon the LIF/CNTF-mediated conversion of GFAP -NSCs into GFAP + progenitor cells (Fig. 8 ).
BMP4 signaling generates mature astrocytes
The ability of noggin to prevent the maturation of GFAP + progenitor cells into astrocytes in vivo indicates that BMP signaling normally regulates astrocytic lineage commitment. However, BMP4 and other BMPs are abundantly expressed throughout the nervous system (Furuta et al., 1997; Mehler et al., 1997) . How then is the progenitor cell phenotype maintained in the adult brain? Noggin is normally expressed in the SVZ and SGZ of adult animals, and helps to maintain a niche for adult neurogenesis (Chmielnicki et al., 2004; Lim et al., 2000) . Furthermore, antisense noggin reduces proliferation in the adult dentate gyrus (Fan et al., 2004) . These observations are consistent with our findings that noggin preserves the GFAP + progenitor cell phenotype and prevents the astrocytic differentiation of these cells. Thus, noggin not only maintains the proliferation of cells within the niche, but more generally maintains a multipotent progenitor cell phenotype by inhibiting BMP-directed differentiation. Our data further suggest that the number of GFAP + progenitor cells is inversely proportional to the amount of BMP signaling in the developing hippocampus.
Because noggin is expressed in the anterior subiculum in neonates, and in the dentate gyrus from one week of age into adulthood (Fan et al., 2003) , it was not clear whether noggin overexpression in this area would have much effect. However, we found that noggin overexpression markedly increased the number of GFAP + progenitor cells in the SGZ, indicating that the levels of endogenous noggin expression are insufficient to fully inhibit BMP signaling in this area. The almost complete depletion of GFAP + progenitor cells from the SGZ of BMPoverproducing animals highlights the essential role played by BMP inhibitors such as noggin in maintaining the progenitor cell phenotype.
Mature astrocytes and adult progenitors are separate cell populations
The molecular characterization of GFAP and the relatively limited number of cell types that express the protein led to its use as a surrogate marker for the astrocyte phenotype. The lack of an unambiguous biochemical marker has complicated the precise definition of astrocyte identity and of the astrocytic lineage (Gotz and Steindler, 2003; Kimelberg, 2004) . Although it is clear that some GFAP + cells in the adult brain have stem cell potential (Doetsch et al., 1999; Garcia et al., 2004; Imura et al., 2003; Morshead et al., 2003; Seri et al., 2001) , only a morphologically distinct subpopulation of GFAP + cells produce new neurons . This has led to terms such as radial astrocyte and horizontal astrocyte, which are based on morphological criteria in vivo, to help to distinguish the unique subsets of GFAP + cells in the brain that display progenitor cell traits (Seri et al., 2004) . The lineage relationship between adult progenitor cells and other astrocytes has been unclear. Our findings suggest a lineage relationship in the rodent brain in which GFAP + progenitors generate mature astrocytes in response to BMP signaling (Fig. 8) , and, further, that these represent distinct and separable cell types. It may therefore be inappropriate to continue to use the same term -astrocyte -for these disparate cell types, particularly as GFAP + progenitors cells also generate other lineages in the normal adult brain . It might be more accurate to use terms such as radial progenitor or horizontal progenitor, and to reserve the use of the term 'astrocyte' for more terminally differentiated phenotypes, as these cells differ in their morphology, molecular characteristics and potentiality (Morest and Silver, 2003) . Clonal analysis was performed on 100 P1 cells plated individually in Terasaki wells under control conditions (EGF 10 ng/ml), and on 100 cells plated in the presence of BMP4 (10 ng/ml BMP4 + EGF 10 ng/ml). Cells were pulsed with BrdU for 12 hours to assay proliferation, live/dead staining was performed to assess cell death, and GFAP immunocytochemistry was performed on day 7 to assay astrocyte differentiation. BMP treatment prompted exit from the cell cycle (lack of BrdU incorporation) without altering cell survival, and 96% of the cells expressed GFAP. Thus, BMP4 acts as an instructive rather than stochastic/selective cue to promote astrocyte differentiation.
